Anionic lipids influence the ability of the nicotinic acetylcholine receptor to gate open in response to neurotransmitter binding, but the underlying mechanisms are poorly understood. We show here that anionic lipids with relatively small head groups, and thus the greatest ability to influence lipid packing/bilayer physical properties, are the most effective at stabilizing an agonist-activatable receptor.
INTRODUCTION
Cys-loop receptors are a superfamily of membrane proteins that mediate synaptic transmission in both the central and peripheral nervous systems (1) . They respond to the binding of neurotransmitter, by transiently opening an ion channel across the cell membrane. The resultant influx of ions into the cell alters the membrane potential leading to either the generation or the inhibition of an action potential. Any factor that influences the duration or magnitude of the neurotransmitter-induced response will alter the efficiency of synaptic transmission with important biological and potentially pathological consequences (2, 3) .
Lipids are potent modulators of Cysloop receptor function (4) .
The lipid sensitivity of one Cys-loop receptor, the nicotinic acetylcholine receptor (nAChR) from Torpedo, has been particularly well studied. The ability of the nAChR to undergo allosteric transitions, and thus conduct cations across the membrane in response to agonist-binding, is highly dependent upon the lipid composition of the membrane in which it is embedded (5) (6) (7) (8) (9) (10) (11) (12) . In native Torpedo membranes, a complex mixture of lipids works synergistically to stabilize predominantly the agonistactivatable resting nAChR (9) . In contrast, the nAChR reconstituted into phosphatidylcholine membranes (PCnAChR) does not undergo agonist-induced allosteric transitions unless neutral and/or anionic lipids are present (5) (6) (7) (8) (9) (10) (11) (12) (13) .
PC-nAChR is unresponsive to agonist because it adopts an uncoupled conformation where allosteric communication between the agonist-binding and transmembrane pore domains is lost, even though both domains adopt structures suggestive of the activatable resting state (14) .
Lipids are thought to influence coupling by interacting with the highly lipidexposed M4 transmembrane α-helix. M4 extends beyond the lipid bilayer towards the eponymous Cys-loop, which is central for coupling agonist binding to channel gating (15, 16) . M4 may act as a "lipid sensor" relaying membrane properties to the coupling interface between the agonistbinding and transmembrane pore domains. By interacting preferentially with M4 in the coupled resting conformation, lipids could stabilize the resting state (14) .
Most studies suggest that the nAChR requires both anionic and neutral lipids in a PC membrane to adopt an agonistactivatable conformation (6, 11, 12) . Of the many natural anionic lipids, phosphatidic acid (PA) is particularly effective. High levels of PA in a PC membrane are sufficient to stabilize an agonist-activatable nAChR (9, 17) . In contrast, the nAChR in a PC membrane containing the anionic lipid, phosphatidylserine (PS), is not responsive to agonist unless cholesterol (Chol) is present (18) . The strikingly different efficacies of PA and PS suggest that PA imparts a unique chemical and/or physical property onto the reconstituted membranes that is required to stabilize the resting conformation. One obvious chemical difference is the charge distribution within the two lipid head groups ( Fig. 1) , which could lead to essential interactions between PA and polar side chains in the resting conformation. Alternatively, the PA head group is much smaller than the head group of PS and will have a larger influence on lipid packing/bilayer physical properties (19) . Membrane physical properties could influence transmembrane helix:helix associations to favour the resting nAChR.
The initial goal of this work was to probe the mechanism(s) by which PC/PA membranes stabilize an agonist-activatable nAChR.
We examined a variety of reconstituted PC/anionic lipid membranes and found that anionic lipids with relatively small head group cross-sectional areas, and thus the greatest ability to influence lipid packing/bilayer physical properties, are the most effective at stabilizing an agonistactivatable resting conformation. This suggests that membrane physical properties play a role in stabilizing the resting nAChR.
More importantly, we also found that the differing abilities of PC/anionic lipid membranes to stabilize an activatable nAChR stem from differing abilities to preferentially stabilize resting over both uncoupled and desensitized conformations. In other words, anionic lipids modulate multiple nAChR conformational equilibria. Our findings suggest that both lipids and membrane physical properties act as classic allosteric modulators influencing nAChR function by preferentially interacting with, and thus stabilizing native conformational states.
CA).
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC), 1-palmitoyl-2-oleoylsn-glycero-3-phosphoglycerol (PG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (PS) and 1,2-dioleoyl-snglycero-3-phosphoinositol (PI) and Cardiolipin (tetraoleoyl) were from Avanti Polar lipids, Inc. (Alabaster, AL). Cholesterol, ethidium bromide (EthBr) and carbamylcholine chloride (Carb) were from Sigma (St. Louis, MO).
nAChR Purification and Reconstitution. The nAChR was affinity purified on a bromoacetylcholine bromide-derivatized Affi-Gel 102 column (Bio-Rad; Richmond, CA) as described elsewhere (17) . The column bound nAChR was washed extensively with dialysis buffer (100 mM NaCl, 10 mM Tris-HCl, 0.1 mM EDTA, 0.02% w/v NaN 3 , pH 7.8) containing 1% cholate and supplemented with 3.2 mM of the desired lipid. The nAChR was then eluted from the column with a 0.13 mM lipid solution in 250 mM NaCl, 0.1 mM EDTA, 0.02% NaN 3 , 5 mM phosphate, pH 7.8 with 0.5% cholate and 10 mM Carb. After elution from the column, the nAChR was dialyzed five times against 2 litres of dialysis buffer with buffer change approximately once every 12 hours. The final lipid composition of each membrane was assessed by thin-layer chromatography as described below.
The reconstituted membranes have lipid-protein ratios in the 150-300 mol:mol range, as estimated by FTIR (20) and enzymatic assays (Phospholipid C/Choline assay, Wako Chemicals USA Inc.).
Thin Layer Chromatography. TLCs were performed using Whatman high performance silica gel plates (60 Å, 4.5 μm particle size) as described (14) Fig. S5 and supplemental discussion for details).
Infrared Spectroscopy. All infrared spectra were recorded on either a FTS-575c or a FTS-40 spectrometer (Varian, Randolph, MA) as described (17) . Both spectrometers were equipped with a DTGS detector. For the analysis of protein secondary structure, the extent of peptide hydrogen/deuterium exchange, and lipid thermotropic phase behaviour, each nAChR sample was first incubated at 4°C in 2 H 2 O phosphate buffer for precisely 72 hours in order to exchange peptide N-1 H for N-2 H. The samples were then stored at -80°C. Prior to infrared analysis, samples were individually thawed, centrifuged, resuspended in 30 µl of 2 H 2 O phosphate buffer, and subjected to five freeze thaw vortex cycles. All infrared spectra were recorded in Torpedo Ringer buffer (TRB; 5mM Tris, 250mM NaCl, 5mM KCl, 2mM MgCl 2 and 3mM CaCl 2 , pH 7.0). Where necessary, trace water vapour absorptions were subtracted as described elsewhere (21) .
All spectral deconvolution was performed using GRAMS/AI v.7.01 software (Galactic; Salem, NH).
The data acquisition protocols for assessing the thermotropic phase behaviour of the membranes have been described previously (17 Infrared difference spectra were recorded at 22.5°C using the attenuated total reflectance technique as described in detail elsewhere (22, 23) . Briefly, two spectra were recorded while flowing TRB past a nAChR film that was deposited on the surface of a germanium internal reflection element. The flowing buffer was switched to an identical buffer containing 50 μM Carb and after one minute a spectrum recorded of the Carb bound state. The nAChR film was then washed with TRB for 20 minutes to remove nAChR-bound Carb, and the data acquisition protocol repeated. All spectra were recorded at 8 cm -1 resolution, signalaveraging 512 scans per spectrum, which takes approximately 7-8 minutes per spectrum.
Each presented difference spectrum is the average of more than 40 individual difference spectra recorded from several different reconstituted nAChR films. The difference spectra were baseline corrected between 1800 and 1000 cm -1 , and were interpolated to an effective resolution of 4 cm -1 .
Ethidium Fluorescence Measurements.
All fluorescence experiments were performed on a Cary Eclipse fluorescence spectrophotometer equipped with the Cary Eclipse v1.1 software package (Varian, Inc.). The data in Figures 4 and 5 was acquired by monitoring the fluorescence emission intensity at 590 nm as a function of time (2.0 s sampling time) while ethidium bromide was continuously excited at 500 nm (excitation and emission slits are described in the associated Figure captions) . The data in Figure 6 was acquired with 530 nm excitation to enhance the emission intensity arising from nAChR-bound ethidium and reduce the intensity of the signal arising from ethidium in solution.
For each experiment in Figure 4 , 1.8 ml of 0.3 µM ethidium bromide in TRB was equilibrated at 22.5°C inside the spectrophotometer. At the indicated times, 30 μg of nAChR suspended in 200 μl TRB was added, followed by 10 μl of 100 mM carbamylcholine and then 10 μl of 100 mM dibucaine (i.e. ~500 μM final concentration for both ligands). For the experiments in Figure 5 , the nAChR was either preincubated for 30 minutes with 5mM Carb in 200µl TRB (trace ii, final Carb concentration ~500µM) or added directly to a TRB solution containing both 0.3µM ethidium and 555µM Carb (Fig. 5 , trace iii, final Carb concentration also ~500µM).
In the variable ethidium bromide concentration experiments (i.e. Figure 6 ), 30 µg of nAChR was added to either a 0.3 μM (1xK D ), 3.0 μM (10xK D ) or 30.0 μM (100xK D ) ethidium bromide/TRB solution. As above, both Carb and dibucaine were added at the indicated times. Since at higher concentrations of ethidium (i.e. 30 µM) a greater concentration of dibucaine was necessary for competitive displacement of ethidium, a second 10 µl addition of 100 mM dibucaine was included in these experiments (i.e. final dibucaine concentration ~1mM).
RESULTS

Reconstitution of the nAChR into PC/anionic lipid membranes.
To test if PA is unique amongst anionic lipids in its ability to stabilize an agonist-activatable nAChR, the structural and functional properties of the nAChR were examined in a broader range of PC/anionic lipid mixtures. We initially focused on PC membranes containing the anionic lipid, phosphatidylglycerol (PG), because the cross-sectional area of the PG headgroup and its effects on bilayer physical properties are more similar to that of PA than to that of PC or other anionic lipids ( Fig. 1 ) (24, 25) . Conversely, the anionic lipids phosphatidylinositol (PI) and cardiolipin have larger head groups. If anionic lipid headgroup cross-sectional area, and thus ability to influence the physical properties of a PC bilayer, contributes to the efficacy of PA, then mixtures of PC and PG should be more effective than mixtures of PC and either PI or cardiolipin at stabilizing an agonist-activatable nAChR.
Effects of anionic lipids on nAChR structure and peptide hydrogen exchange. Infrared spectroscopy has shown that the lipid composition of a reconstituted membrane does not affect the overall secondary structure of the nAChR, but does influence nAChR peptide hydrogen exchange kinetics (26) . Lipid environments that stabilize an allosterically-responsive nAChR typically slow peptide hydrogen exchange suggesting that the resting conformation has a less solvent exposed tertiary/quaternary structure than the lipiddependent uncoupled nAChR (14,27).
The effects of PG, PI, and cardiolipin on nAChR secondary structure and peptide hydrogen exchange were examined by recording infrared spectra of each reconstituted membrane after 72 hours exposure to 2 H 2 O. Representative deconvolved amide I/I' bands show that the nAChR exhibits the same mixed α-helix/β-sheet secondary structure in PC membranes with or without PG, PI, or cardiolipin (supplemental Fig. S1A and S2A ). Reconstituted PG-containing membranes, however, exhibit a slightly increased intensity due to protiated versus deuterated α-helices, suggesting a reduced level of nAChR peptide hydrogen/deuterium exchange in the presence of PG. The residual amide II band intensity, which is directly proportional to the number of peptide hydrogens that remain in the protiated form, confirm that the inclusion of PG, but not PI or cardiolipin in a reconstituted PC membrane reduces the level of peptide hydrogen-deuterium exchange. Addition of Chol to the PGcontaining bilayers further slows the exchange kinetics ( Fig. 2 and supplemental Fig. S1B ).
As noted, previous studies have shown an inverse correlation between the levels of nAChR peptide hydrogen exchange in a given membrane environment and the ability of the nAChR in that environment to undergo allosteric transitions (14,27). Based on the levels of peptide hydrogen-deuterium exchange ( Fig. 2) , we predict the relative abilities of the PC/anionic lipid membranes for stabilizing the agonist-activatable resting state to be 3:1:1 PC/PG/Chol > 3:2 PC/PG > 3:1 PC/PG > 3:2 PC/PI ≅ 3:1 PC/cardiolipin. These predictions are borne out by direct measurements of nAChR function (see below and Fig. 2) .
Effects of anionic lipids on nAChR allosteric transitions. Infrared difference spectroscopy probes directly agonistinduced allosteric transitions (22, 28) . Carbamylcholine (Carb) difference spectra recorded from each of the PC/PG, PC/PI, and PC/cardiolipin membranes exhibits vibrations due to both nAChR-bound Carb (1724 cm -1 ) and the formation of cationaromatic interactions between Carb and putative binding site tryptophan and tyrosine residues (1620 and 1516 cm -1 , respectively) ( Fig. 3 and supplemental Fig. S1 ) (23, 29) . Carb binds to the nAChR in each of the different PC/anionic lipid membranes, and does so with a similar pattern of recognition.
Carb difference spectra recorded from the nAChR in all PG-containing lipid membranes also exhibit moderate positive amide I and amide II band intensities near 1655 and 1545 cm -1 , respectively (Fig. 3 , trace iii and Fig. S1C ). These vibrations, which are markers of the resting-todesensitized structural change, show that the inclusion of PG in a PC membrane is sufficient to stabilize a small proportion of agonist-activatable resting nAChRs, even in the absence of Chol. Consistent with the hydrogen exchange data, the inclusion of Chol makes a PC/PG membrane even more effective at stabilizing a resting nAChR (Fig. 2) .
In contrast, Carb difference spectra recorded from both PC/PI-nAChR and PC/cardiolipin-nAChR (Fig. 3 , traces iv and v) essentially lack positive intensity near 1655 and 1545 cm -1 , suggesting that the nAChR in both environments is stabilized predominantly in a conformation that does not undergo the resting-to-desensitized transition. It appears that PC/PI-nAChR and PC/cardiolipin-nAChR adopt predominantly the uncoupled conformation.
The infrared data show that membranes composed of PC with the anionic lipids PA or PG are more effective at stabilizing an agonist-activatable resting nAChR than PC membranes containing PS, PI, or cardiolipin. An additional physical or chemical property imparted onto the reconstituted membranes by PA and, to a lesser extent, PG, must play a role in modulating nAChR conformational equilibria.
Agonist-activatable PC/PA-nAChR undergoes rapid allosteric transitions. We examined further the abilities of PC/anionic lipid membranes to stabilize an agonistactivatable nAChR using the conformationally sensitive probe, ethidium bromide. Ethidium binds with high affinity to a hydrophobic site within the ion channel pore of the desensitized (K D ≅ 0.3 μM), but not the resting (K D ≅ 1 mM) nAChR (30) . Relative to aqueous ethidium, nAChRbound ethidium exhibits a greater fluorescence emission intensity, and its emission maximum shifts from 605 (aqueous solution) to 590 nm (nAChRbound).
Addition of PC/PA-nAChR to a 0.3 μM aqueous solution of ethidium leads to an increase in dibucaine-displaceable fluorescence emission intensity (Fig. 4, trace  i) . At this concentration, ethidium binds to ~50% of the pre-existing desensitized receptors, but not appreciably to the resting state. Also, 0.3 µM concentrations of ethidium are not sufficient to shift a large proportion of nAChRs from the resting to the desensitized conformation (the equilibrium dissociation constant in the absence of Carb is in the 7-11 µM range) (30) .
The dibucaine-displaceable fluorescence observed at 0.3 µM ethidium in the absence of Carb thus represents primarily ethidium binding to pre-existing desensitized nAChRs (see also below).
Subsequent addition of 500 μM Carb leads to a substantial further increase in dibucaine-displaceable fluorescence showing that Carb binding allosterically shifts the population of resting nAChRs into the desensitized conformation. In contrast, there are essentially no changes in the fluorescence emission intensity upon the addition of PC-nAChR to aqueous ethidium, even after the addition of 500 μM Carb (Fig.  4, trace v) . Consistent with the infrared difference measurements, the fluorescence data show that a substantial proportion of PC/PA-nAChR adopts a resting conformation that undergoes agonistinduced desensitization, while PC-nAChR is stabilized predominantly in the nonresponsive low ethidium affinity uncoupled conformation (14) .
Note that the increase in fluorescence observed upon mixing PC/PAnAChR with ethidium in the absence of Carb is slow and occurs on the seconds to minutes time scale (Figs. 4 and 5 , trace i at time = 100s). A similar slow increase in fluorescence is also observed upon mixing ethidium with PC/PA-nAChR that has been desensitized by pre-equilibration with 500 µM Carb (Fig. 5, trace ii) . The slow increase in fluorescence is thus due primarily to slow binding of ethidium to the ion channel pore of the desensitized nAChR.
In contrast, the increase in fluorescence observed upon addition of Carb to PC/PA-nAChR pre-equilibrated with ethidium (Figs. 4 and 5 , trace i at time = 750s) occurs instantaneously on the seconds to minutes time scale of these experiments. Rapid binding could reflect either increased availability of ethidium to the nAChR because of prior ethidium "equilibration" with the PC/PA-nAChR vesicles, or a transient Carb-induced change in nAChR conformation that dramatically increases the rate of ethidium binding. Significantly, the same rapid increase in fluorescence is also observed upon mixing PC/PA-nAChR with a solution containing both ethidium and Carb (Fig. 5, trace iii) . The rapid Carbinduced increase in ethidium binding is thus due to a Carb-induced change in nAChR conformation leading to transient increased ethidium accessibility to the ion channel site. Given that ethidium is an open channel blocker (8), the transient increased ethidium accessibility most likely results from channel opening. The simplest explanation is that the "agonist-activatable" PC/PAnAChR undergoes rapid Carb-induced conformational transitions that include channel opening and subsequent desensitization.
Effects of anionic lipids on multiple nAChR conformational equilibria. Slow ethidium binding to pre-existing desensitized nAChRs is also observed upon mixing PC/PG-nAChR, PC/PI-nAChR, and PC/PS-nAChR with ethidium, but the magnitude of the pre-desensitized component varies from one PC/anionic lipid membrane to another (Fig. 4) . A different proportion of nAChRs is thus stabilized in the pre-existing desensitized state in each PC/anionic lipid membrane. PC/PG-nAChR stabilizes the largest proportion of preexisting desensitized nAChRs followed by PC/PS-nAChR, PC/PI-nAChR, and finally PC/PA-nAChR.
Even though a relatively large proportion of PC/PG-nAChR is desensitized, the addition of Carb leads to a further increase in fluorescence emission intensity confirming, in agreement with the infrared data, that some receptors are stabilized in an agonist-activatable resting conformation. The Carb-induced increase in fluorescence is rapid and likely reflects transient increased ethidium accessibility to the open state prior to desensitization. In contrast, both PC/PI-nAChR and PC/PSnAChR show reduced response to Carb. In agreement with the infrared data, the proportion of agonist-activatable resting nAChRs that undergoes channel gating and subsequent desensitization is small in these membranes (see also below).
Relative proportions of resting, desensitized and uncoupled nAChRs. To estimate the relative proportions of resting versus desensitized and uncoupled conformations, we studied ethidium binding at ethidium concentrations equivalent to K D , 10xK D , and 100xK D for the desensitized state (~0.3, ~3.0 and ~30 μM, respectively) (Fig. 6) . Control kinetic traces show that the uncoupled ion channel of PC-nAChR binds minimal ethidium at these concentrations, although a small amount of ethidium binding to the neurotransmitter sites is observed (see Carb-displaceable fluorescence at 100xK D , Fig. 6, trace v) . The uncoupled PC-nAChR has a lower ethidium binding affinity that may be similar to the resting nAChR (~1 mM). Note that the magnitude of the maximal fluorescence intensity observed at 30 µM ethidium in the presence of Carb, which reflects the total number of coupled receptors, also varies substantially from one membrane to another.
As uncoupled nAChRs do not bind ethidium appreciably at this concentration, it can be concluded that the different PC/anionic lipid membranes also stabilize different proportions of coupled versus uncoupled receptors.
According to the infrared data, PC/PA-nAChR contains ~20% fewer agonist-activatable resting nAChRs than PC/PA/Chol-nAChR (Fig. 3) . Assuming that this reduction is due to the presence of 20% uncoupled nAChRs, the ratio of resting to desensitized and uncoupled receptors in PC/PA-nAChR is roughly 70:10:20, respectively. Comparing the fluorescence data obtained from the other membranes to that of PC/PA-nAChR, the relative proportions of the three conformations in PC/PG-nAChR, PC/PI-nAChR, and PC/PSnAChR are roughly 15:35:50, 5:20:80, and 10:25:65, respectively.
Although these are rough estimates, they do emphasize the different abilities of the PC/anionic lipid membranes to modulate multiple nAChR conformational equilibria. The estimates also show the close correlation between the infrared and fluorescence data. The number of agonistactivatable receptors in a given reconstituted nAChR membrane, as detected by infrared difference spectroscopy, is dependent upon the ability of that membrane to stabilize resting nAChRs at the expense of both uncoupled and coupled-desensitized nAChRs. Effects of the nAChR on lipid packing in the presence of anionic lipids. Finally, one of the interesting features of lipid-nAChR interactions is that lipids not only influence nAChR structure/function, the nAChR also influences the physical properties of the membrane in which it is imbedded, and does so in a lipid-selective manner. The nAChR may thus be able to influence the packing of specific lipids into its surrounding microenvironment. Given that the nAChR is thought to be associated with lipid rafts (33, 34) , interactions between the nAChR and specific lipids may play an important role in raft association and thus ultimately in trafficking the nAChR to the synaptic membrane. While not the focus of this paper, we did examine the effects of the nAChR on the physical properties of the PC/PG, PC/PI, and PC/cardiolipin membranes (supplemental Figs. S3 and S4, Table S1 ). Our data, which is presented and discussed in the supplementary information, show that incorporation of the nAChR leads to an increase in the lateral packing density of all three PC/anionic lipid membranes. Consistent with spin-labelling studies, the nAChR appears to interact preferentially with different anionic lipids (35, 36) .
DISCUSSION
Cation flux through the nAChR is usually interpreted in the context of a conformational model involving resting, open, and desensitized states. In this model, the magnitude of an agonist-induced macroscopic flux depends on the relative proportions of pre-existing activatable/resting versus non-activatable desensitized conformations, as well the ability of an agonist to transition the nAChR to an open state (Fig. 7) . The observation that PC-nAChR adopts a distinct uncoupled conformation adds complexity to this conformational scheme (14).
The macroscopic response of the nAChR in a reconstituted membrane must be interpreted in terms of a model that includes resting, desensitized, open, and uncoupled conformations (Fig. 7) (14) .
Previous studies have shown that the addition of both PA and Chol to a reconstituted PC membrane stabilizes predominantly a resting nAChR (6, 10, 13, 14) . This shows that Chol and PA together modulate the equilibrium between uncoupled and resting conformations (14). We show here that anionic lipids influence the equilibria between uncoupled, resting, and desensitized conformations. Different PC/anionic lipid membranes have different abilities to stabilize the nAChR in an agonist-activatable resting conformation because they have different abilities to stabilize resting over both uncoupled and desensitized states. For example, PC/PA membranes stabilize a large proportion of resting nAChRs because they limit the numbers of both uncoupled and desensitized receptors.
PC/PG membranes are less effective at stabilizing an agonist-activatable nAChR because they stabilize a large proportion of both uncoupled and desensitized nAChRs. In contrast, PC/PS and PC/PI membranes are relatively ineffective because both membranes favour the uncoupled state.
The finding that lipids influence multiple nAChR conformational equilibria leads to an important shift in how we both interpret and investigate nAChR-lipid interactions. Many studies have focused on elucidating how specific lipids influence "function", typically as measured by a single assay that probes the ability of the nAChR to flux cations or undergo an allosteric transition from one conformation to another. This approach implies that there is a single mechanism by which each lipid interacts with, and thus influences nAChR function.
The fact that lipids influence multiple conformational equilibria, however, raises the possibility that there are a number of mechanisms by which lipids alter function. Lipids may interact preferentially with, and thus preferentially stabilize, either resting, desensitized, or uncoupled conformations. Note that this does not necessarily require distinct lipid binding sites on each conformation, it may simply suggest that lipids at a single site interact more strongly with one conformation over another.
Also, the membrane-exposed surface of the nAChR transmembrane domain may itself act as an "allosteric site", which is sensitive to bulk membrane mechanical properties, such as hydrophobic mismatch, intrinsic curvature, etc.
To understand how lipids influence the proportions of activatable (resting) versus non-activatable (uncoupled and desensitized) conformations, one must characterize how lipids and different membrane mechanical properties interact with each individual conformational state. In fact, some lipids may have complex interactions with the nAChR in that they preferentially stabilize one conformation by binding to a specific lipid binding site, while preferentially stabilizing another via effects on bulk membrane mechanical properties.
While we have studied equilibrium conditions, our fluorescence data also show a rich complexity to the rates of ethidium binding, suggesting that lipids influence the rates of transitions between conformational states. To understand how lipids influence these rates, one must elucidate how lipids interact with transition states to alter the activation energies governing conformational transitions.
The fact that lipids influence multiple conformations also impacts on our understanding of lipid-specificity at the nAChR. Some studies have concluded that neutral and anionic lipids are both essential, with considerable research focusing on the role of Chol (6, 8, 37) . It has been suggested that Chol and anionic lipids influence nAChR secondary (38, 39) or tertiary/quaternary structure (40) (see, however, ref. (26)). The implication is that lipids are required for the nAChR to "fold" into a native conformation.
The hypothesis that specific lipids are required to stabilize a native structure contrasts with an allosteric model, which implies that lipids interact with and preferentially stabilize pre-existing conformational states. There are many different nAChR conformations in reconstituted membranes. Each of these may interact differently with different lipids or lipid properties. Given the diversity of lipids found in biological membranes and their potentially complex effects on membrane physical properties, it is likely that many lipids influence nAChR conformational equilibria. Although some, such as Chol, may have a greater influence than others, no specific lipid may be absolutely essential for function.
In agreement with this hypothesis, all PC/anionic lipid membranes studied here stabilize a proportion of agonist-activatable nAChRs, although the proportions vary substantially from one membrane to another.
The relative efficacies of the PC/anionic lipid membranes for stabilizing an agonist-activatable resting state that undergoes both gating and desensitization are PC/PA > PC/PG > PC/PS > PC/PI ≅ PC/cardiolipin, with the latter two being relatively ineffective.
A similar rank potency was found in the efficacy of PA, PS, and PI to stabilize a functional nAChR in reconstituted membranes containing PC and Chol (10) . The question that arises is why anionic lipids vary in their abilities to stabilize a functional nAChR?
One possible explanation is that the charge distribution within the anionic lipid head groups may dictate their ability to interact preferentially with the resting conformation. It has been suggested that the nAChR stabilizes PA in a dianionic state, and that dianionic PA is particularly effective at stabilizing the nAChR in an agonist responsive conformation (41) . A recent study, however, showed the contrary (Sturgeon & Baenziger, submitted). The nAChR stabilizes PA in a reconstituted membrane in the mono-anionic state, possibly by concentrating cations, including protons, at the membrane surface.
Another possible explanation stems from the observation that the efficacy of an anionic lipid is related to the surface area of the head group. Those anionic lipids that have smaller head group cross-sectional areas (24, 25) (24) . Lipids with small headgroup surface areas, such as PA and diacylglycerol, exhibit a negative intrinsic curvature (see below), while lipids with larger headgroup, such as PC and PS, exhibit minimal intrinsic curvature (19) . The most effective anionic lipid, PA, thus has a substantially smaller head group than any other anionic lipid.
The relative cross-sectional areas of the head group and acyl chain regions of a phospholipid influences the ability of a lipid to pack effectively into a bilayer (19, (42) (43) (44) . Lipids with smaller headgroups, such as phosphatidylethanolamine, exhibit inverted cone-like shapes which tend to favour hexagonal phases. When forced into a bilayer, phosphatidylethanolamine leads to curvature stress, a form of potential energy essentially stored within the bilayer. Given that PA (and to a lesser extent PG) has a headgroup that is relatively small, one would expect incorporation of large amounts of PA (or PG) into a planar PC bilayer to result in curvature frustration. In contrast, anionic lipids with headgroups similar in size to that of the PC choline group (i.e. PS and PI), should pack relatively seamlessly into PC bilayers. Curvature frustration may drive transmembrane helix associations leading to effective nAChR coupling. Both anionic lipids and an appropriate physical environment may preferentially stabilize a resting conformation over uncoupled and desensitized nAChRs. Tightly associated lipids have been identified in the crystal structure of a prokaryotic homolog of the nAChR (45). The possible links between membrane mechanical properties and nAChR function require further investigation.
In conclusion, our data show that anionic lipids exhibit strikingly different abilities to stabilize the nAChR in an agonist-activatable resting conformation because they stabilize different proportions of resting, desensitized and uncoupled states. Bulk membrane physical properties, related to head group size, appear to play a role in the efficacies of some anionic lipids. Lipids and membrane physical properties act as allosteric modulators influencing nAChR function by interacting with and preferentially stabilizing native nAChR conformations. 
